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The reaction of GaN to ion implantation was studied in thin films grown on the a-plane (non-polar) and on the c-plane 

(polar). 300 keV argon ions were implanted at room temperature to fluences ranging from 5 × 10
12

 atoms/cm
2
 to 8 × 10

15
 

atoms/cm
2
. The structural analysis was performed using Rutherford Backscattering/Channeling and X-Ray Diffraction. 

The results allow to reinforce the suggestion that perpendicular strain caused by ion implantation is the driving force 

behind defect transformation processes inside the lattice. Furthermore, they confirm a lower relative defect level for a-GaN 

implanted with the highest fluence, in comparison with c-GaN, as reported previously for low temperature implantation.  
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1. Introduction 

Wurtzite group-III nitride semiconductors grown on non-

polar and semi-polar orientations are candidates for 

manufacturing high performance optoelectronic devices 

by enabling the development of improved device active 

regions [1]. The reason is that quantum wells (QWs) 

deposited on off-polar planes suffer less from the 

quantum confined Stark effect. This effect  is originated 

by immobile interfacial charges impelled by the 

polarization discontinuity along the c-axis [2-6]. Non-

polar GaN is expected to enable higher quantum 

efficiencies and improved electrical characteristics for 

light emitting diodes (LEDs) and laser diodes. However, 

the ouput power of non-polar QW LEDs, especially with 

increasing In-cation incorporation, fabricated on 

heteroepitaxial substrate has been lower [7,8] than the 

conventional c-plane LEDs due to the presence of high 

densities of basal stacking faults [9,10]. One of the 

hindrances of non-polar and semi-polar growth is that 

these extended defects scarcely vanish and rather 

propagate through the whole of the epilayer once they 

are established. Aforementioned basal stacking faults 

deteriorate the surface morphology by roughing it and 

give rise to macroscopic compositional inhomogeneities 

in compound films [11-14] on the grounds that the cation 

incorporation efficiency diverges depending on the 

crystallographic orientation of the growth [15]. On the 

one hand, crystallographic defects, affect locally the 

crystalline structure via complicated relaxation 

mechanisms by changing the interatomic distances. On 

the other hand, they may interact with defects created 

during device processing. In particular ion implantation 

has been applied in non-polar laser structures to form 

planar appertures for lateral light confinement [16]. In 

fact, ion implantation allows the controlled introduction 

of point defects within a specific sample volume for 

defect engineering, in this case by changing the 

refractive index. The effects of ion implantation into 

GaN have been widely studied in c-plane GaN and are 

characterized by strong dynamic annealing [17,18], i.e. 

point defects created during the implantation are very 

mobile and can either recombine or interact to form 

extended defects such as stacking faults and dislocation 

loops during the implantation process [19,20]. It has 

been suggested that strain is the driving force for defect 

transformation in GaN [17,18]. Strain, or more precisely 

the deformation perpendicular to the sample surface 

caused by implantation of a thin surface layer, can be 

directly measured via X-ray diffraction (XRD) which is 

very sensitive to small variations in the lattice parameter 

[21-24]. It was reported previously that the defect nature 

of extended defects caused by high fluence ion 

implantation is different in a-plane and c-plane GaN 

[25]. Defect transformation at high fluences can be 
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influenced by distinct defects and strain states in the as-

grown material or by different strain states caused by the 

ion implantation itself. In this work, polar and non-polar 

GaN samples were implanted with different fluences in 

order to understand how strain is propagated in both 

structures. Argon implantation into the GaN host lattice 

allows the comparative study of how strain develops for 

both polar and non-polar GaN focusing on the crystalline 

quality on which defects constitute the dominant player 

and chemical interactions are disregarded. Routine codes 

for the simulation of the XRD radial scans were used. 

The codes use the dynamical theory for XRD and 

provide the deformation perpendicular to the sample 

surface as function of depth [26,27]. 

 

2. Experimental Details 

GaN thin films were grown by MOVPE – Metal Organic 

Vapor Phase Epitaxy. We used the standard precursors 

ammonia (NH3), trimethylgallium (TMGa) and 

trimethylaluminum (TMAl) and Pd-diffused H2 as 

carrier gas. Non-polar a-plane and polar c-plane GaN 

samples have been deposited on r-oriented [28] and c-

oriented [29] sapphire (Al2O3) substrates, respectively, 

using an AlN nucleation layer. SiN nanomask layers 

were also incorporated to reduce the dislocation density. 

Argon was implanted at room temperature, with energy 

of 300 keV and a 7° incident angle between the beam 

and the sample normal to minimize channeling effects. 

According to SRIM [30] Monte Carlo simulations the 

maximum range of argon ions extends to 380 nm. The 

projected range for Ar is at a depth of 190 nm, while the 

maximum of the vacancy profile is predicted to occur at 

around 130 nm depth. Therefore, the crystal thickness is 

much larger than the implanted area and will impose a 

biaxial strain rather than relaxation through creation of 

defects. The implantation of Argon in GaN was 

performed at LATR, Campus Tecnológico e Nuclear of 

IST, Bobadela, Portugal. a-plane and c-plane samples 

were implanted simultaneously to fluences of 5 × 10
12

 

at/cm
2
, 5 × 10

13
 at/cm

2
 , 2 × 10

14
 at/cm

2
, 5 × 10

14
 at/cm

2
, 

1 × 10
15

 at/cm
2
, 2 × 10

15
 at/cm

2
 and 8 × 10

15
 at/cm

2
 at 

room temperature. The fluences were chosen to cover 

several defect accumulation regimes described earlier 

[25] while avoiding very high fluences at which the 

diffraction intensity and thus the sensitivity of XRD to 

implantation damage is strongly reduced [31]. 

Rutherford backscattering spectrometry and ion 

channeling were measured in a Van de Graaff 

accelerator with 2.0 MeV α particles. X-ray diffraction 

was measured in a Bruker D8 AXS diffractometer 

equipped with a Göebel mirror and a (220) Ge 

monochromator to decrease the beam divergence and 

select Kα1 radiation. In front of the scintillation detector 

a 0.1 mm wide slit was placed. 

 

3. Results and discussion 

The as-grown samples for both planar orientations 

exhibit very good crystal qualities, revealing minimum 

yield values from RBS/C measurements around 2% for 

a-GaN and 2.6% for c-GaN – which corresponds to 

typical values measured for state-of-the-art epitaxial 

GaN films. The values are determined for a region close 

to the surface. The relative damage level (RDL) profiles 

shown in Figure 1, which plot the relative concentration 

of displaced lattice atoms versus depth, were determined 

by using a code that implements a two-beam model [19] 

in order to account for the dechanneling background. 

Part of the ion beam is channeled with strongly reduced 

backscattering yield while the other component interacts 

with the crystal in a similar way as for amorphous 

material due to scattering by displaced atoms, namely 

point and extended defects, or thermally displaced 

atoms.   

Although for low fluences ion channeling at room 

temperature shows low sensitivity to damage production, 

the first row in Fig. 1 (regime I) shows a continuous 

increase of the defect level with fluence. The shape of 

the defect profile agrees well with the SRIM simulation 

of the vacancy profile for both planar orientations. In 

regime II, it is possible to identify a saturation of the 

defect level for both planar orientations. The RDL stays 

below 0.03 for the c-plane orientation, while the 

saturation RDL is slightly higher for a-plane oriented 

samples. This very small difference can, however, be an 

artefact of the dechanneling correction using the two-

beam model which does not take into account the 

different nature of extended defects in both materials 

[32]. In the third regime (row III in Fig. 1), the shape of 

the defect profile clearly deviates from the SRIM 

simulations for both materials, an occurrence which has 

been reported previously for c-GaN [18,31] and a-GaN 

for low temperature implantation [25]. The damage close 

to the surface is much lower than expected – suggesting 

a migration and recombination of defects. For a-GaN, 

additionally, the depth of maximum damage changes 

considerably and it is found at the depth of maximum 

Ar-concentration.  

The different damage accumulation regimes are similar 

to those reported previously where the first linear 

increase was attributed to point defect formation due to 

well separated ion impacts. In regime II, defect cascades 

start to overlap leading to increased recombination of 

point defects and a saturation of the defect level. For 

higher fluences the formation of extended defects such 

as stacking faults and dislocation loops sets in [25]. 

Furthermore, for the highest fluence the RDL is 

considerably higher in c-GaN than in a-GaN, a fact that 

has been previously seen for Ar implantation at low 

temperature [25] as well as for rare earth implantation at 

room temperature [33,34]. 

 



 

 
 

Figure 1 – Relative defect level profiles derived from the 

RBS/C spectra using a two-beam model for both planar 

orientations. Roman numbers on the right side of each row 

indicate the three different damage build-up regimes discussed 

in the text. The distributions of argon (solid lines) and 

vacancies (dashed lines) simulated using the SRIM code [30] 

are included for comparison, with arbitrary units. Fluences are 

given in units of 1014 at/cm2. The area between 100 nm and 

150 nm is highlighted as it corresponds to the depth window 

used to plot the damage buildup in Fig. 4. 
 

To study the induced strain in both planar orientations, 

XRD analysis was performed for all implanted fluences, 

measuring 2θ-ω scans of symmetric reflections; (0002) 

for c-GaN and for (11 ̅0) a-GaN for a-GaN, 

respectively. Expansion of the lattice due to ion 

implantation occurs only in the direction perpendicular 

to the surface in c-GaN and a-GaN [25]. 

With respect to the virgin samples, both FWHM of the 

peak are below 0.02° for mentioned reflections 

confirming the very good crystalline quality derived via 

ion channelling measurements. 

Figure 2 presents the 2θ-ω scans for both crystal 

orientations. After implantation, satellite peaks are 

formed for lower 2θ angles (higher c- and a-lattice 

parameters for c-GaN and a-GaN, respectively) with 

respect to the main Bragg peak due to diffraction from 

the implanted volume. For both planar orientations, up to 

a fluence of 2 × 10
15

 at/cm
2
, the satellite peaks are well-

defined and suggest that homogeneously strained layers 

are formed. By increasing the fluence, it is possible to 

identify an increased perpendicular lattice strain, given 

by a shift on the satellite peak to lower 2θ angles. For the 

highest fluence (8 × 10
15

 at/cm
2
), the position does not 

change compared to the previous fluence (at around ε ┴= 

0.65% and ε┴= 0.9% for c-GaN and a-GaN, 

respectively) and the satellite peak broadens strongly. 

The sample is already strongly damaged for the highest 

fluence, thus, diffraction intensity is very low. 

The same pattern was already observed for c-GaN 

implanted with Ar at 200 keV where strain saturation 

occurs for higher fluences [31]. 

The diffractograms were then simulated with MROX 

and RaDMaX software [26,27] to accomplish a better 

understanding of the strain. The results of both codes are 

equivalent. The resulting fits are shown in Fig. 2. Figure 

3 shows the strain profiles where the range of 380 nm for 

the depth axis was limited to the maximum argon range 

obtained from SRIM simulations. 

 

 

Figure 2 - XRD diffractograms (symbols) and fits (lines) using 

the MROX code [26] around the (0002) reflection for c-GaN 

(a) and (11 ̅0) reflection for a-GaN (b), implanted to different 

fluences.  
The SRIM vacancy-profile is included for comparison 

with arbitrary units. A good fit is achieved when using 

profiles similar to SRIM vacancy profile for low 

fluences (up until 1 × 10
15

 at/cm
2
), while the transition of 

the strain profiles from 1 × 10
15

 to 2 × 10
15

 at/cm
2
 may 

indicate a development of the strain around 270 nm for 

both planar orientations. It is clear for both planar 

orientations that the strain increases with the fluence. For 

fluences below 8 × 10
15

 at/cm
2
, there is a wide depth 

region with almost constant strain, which agrees with the 

fact that the diffractograms show a well-defined second, 

lower angle peak. Furthermore, for this fluence range, 

the maximum strain value reached for both planar 

orientations agrees well with the value calculated 

directly from the 2 value of the satellite peak in the 

diffractogram. This is illustrated for the samples 

implanted to 2 × 10
15

 at/cm
2
 by the horizontal, dashed 

line where maximum strain values measured are ~0.7% 

for c-GaN and ~0.95% for a-GaN. As it is possible to 

observe, the maximum strain is higher for a-GaN than 

for c-GaN for every fluence up to 2 × 10
15

 at/cm
2
. It has, 

however, been previously reported that direct 

comparison between induced strain caused by 

implantation defects for different planar orientations may 

not be trivial. Debelle et al. [23,24] pointed out that 

biaxial strain due to the substrate effect has to be 

considered when studying induced strain following ion 

implantation in single crystals. In a-GaN this would lead 



 

to an anisotropic biaxial strain component since the in-

plane lattice parameters are not equivalent in contrast to 

c-plane material. 
 

 
 

Figure 3 - Strain profiles for a) c-GaN and b) a-GaN as a 

function of depth. The range of 380 nm for the depth axis 

corresponds to the maximum argon atom range obtained from 

SRIM simulations. The SRIM vacancy-profile is included for 

comparison with arbitrary units. 

 

Figure 4 gives an overview of the main parameters 

extracted from both techniques, RBS/C and XRD, which 

allows a qualitative comparison. It shows the RDL and 

perpendicular strain as a function of the fluence for both 

materials orientations. 

The RBS results (RDL) are similar to previous 

measurments on a- and c-plane GaN for implantation at 

15 K [25] with the difference that the transitions between 

different defect regimes occur at slightly higher fluences 

at room temperature. This is expected due to higher 

defect recombination and the results are in accordance 

with those presented by Wendler et al. [18] comparing 

Ar implanted c-GaN at 15 K and room temperature  

Like the relative defect level, also the strain is observed 

to increase with the ion fluence.  

 

 

Figure 4 – Average values of the relative defect level and strain 

values as a function of the fluence in the depth region from 100 

to 150 nm. 

By relating the three regimes previously discussed for 

the RBS/C results to their strain profiles, it is possible to 

observe a similar development for both planar 

orientations: a first regime where the increase of the 

strain is relatively steep as the fluence rises, followed by 

a second regime where the increase is smaller (in 

agreement with the saturation of the RDL). For the third 

regime, for a fluence of 8 × 10
15

 at/cm
2
, there is a 

significantly stronger increase of RDL value observed 

for c-GaN than for a-GaN. As previously reported, the 

samples show a distinct defect morphology for this 

fluence with predominantly stacking faults in c-GaN and 

dislocation loops in a-GaN [25]. The strain value for this 

fluence, is nearly the same for both planar orientations 

(in contrast to the lower fluences where starin is higher 

in a-GaN than in c-GaN) suggesting more efficient strain 

relaxation in a-GaN possibly resulting in the distinct 

defect types. Nevertheless, our XRD data show similar 

behavior for the different planar orientations and thus it 

is not possible to determine conclusively the effect of 

strain on the distinct defects formed in a-GaN and c-

GaN.   
 

3. Conclusions 

Non-polar and polar oriented GaN samples were 

implanted with a selected set of Ar fluences from 5 x 

10
12

 to 8 x 10
15

 at/cm
2
. The crystalline quality of the 

virgin samples is found to be state-of-the-art. Increase of 

fluence produces continuous increase of the interatomic 

distance resulting in higher deformation perpendicular to 

the sample surface derived from X-ray diffraction. The 

strain profiles were compared to damage profiles 

measured by ion channeling. For low fluences, both 

quantities follow the vacancy profile simulated with the 

SRIM Monte Carlo code. Both techniques suggest a 3 

stage damage accumulation process within the studied 

fluence range. First, an increase of the deformation (and 

relative damage level) with fluence is observed 

attributed to the creation of point defects. Then, due to 

the high dynamic annealing typical for group-III nitride 

semiconductors, a saturation of defect concentration 

occurs. Finally, clusters of defects develop and annealing 

is much more difficult.  
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